INTRODUCTION
Magnetic field measurements to resolve remanent and induced magnetizations provide a rapid, non-destructive means to map magnetizations, discriminate between magnetic minerals, and thereby determine lithological variations which might otherwise require geochemical sampling or mineralogical analysis. Geological systems particularly suitable for such studies include banded iron ores with variable contents of magnetite and hematite, layered basic/ultrabasic units containing magnetite, titanomagetite and ilmenite, and sulphide ore systems containing various pyrite minerals and orthorhombic pyrrhotite. To achieve these measurements we have developed a moving magnetometer which can be run along the side of core to log it. Continuous magnetic field logging of core has long been achieved for projects such as the Ocean Drilling Program (ODP), but in this case core is transferred directly to a sophisticated palaeomagnetic laboratory, where measurements are made within magnetic shielding. Our objective was to develop a rugged system, which could be deployed to core sheds and drill rigs, to make rapid and approximate measurements within the earth's magnetic field, and to recover estimates of both remanent and induced magnetization. At present, rapid studies of core magnetizations within mineral exploration projects are almost completely restricted to use of pencil magnetics to determine sections of strong magnetization, and/or scanning the core with a handheld magnetic susceptibility meter to determine the induced magnetization. Our recognition of the need for a conveniently deployed system to measure remanence as well as induced magnetization was in part triggered by a case study in which we determined that a borehole had been extended over 450 metres beyond its target depth of 250 metres, because low magnetic susceptibility measurements had incorrectly been interpreted as a failure of the hole to intersect the (remanent) magnetization at which it had been targeted (Austin and Foss, 2014) . Remanent magnetization measurements within mineral exploration projects are currently mostly made on standard size palaeomagnetic plugs (cylinders of diameter and height approximately 2.5 cm). An instrument to conveniently measure remanent and induced magnetizations of such samples (the 'Q meter', Schmidt and Lackie, 2014, http://www.magneticearth.com.au/qmeter/ ). Because of technical challenges in measuring vector components of the magnetic field from a moving sensor, we are not able to approach the precision in measuring remanent magnetizations that is possible with the Q meter, or in a palaeomagnetic laboratory. However, we believe that there is still value in rapid logging of long sections of core, to more conveniently determine bulk magnetizations of units. This data is a more relevant input to modelling and inversion of magnetic field anomalies than more accurate, but sparse measurements of magnetizations which typically show abrupt and extreme variations. Ideally, logging would be used to estimate bulk magnetization of units, and also to optimise subsequent remanent magnetization sampling, such as required to link magnetization studies to mineralisation (for example, Austin et al., 2013) .
We describe below the technical design of the instrument, and preliminary tests with short sections of core. Signal processing and inversion of continuous magnetic field logging has already been developed for ODP applications, based on various forms of deconvolution (Constable and Parker, 1991 , Weeks et al., 1993 , Oda and Shibuya, 1996 . We require slightly greater versatility, possibly including the capacity to address selfdemagnetization effects, and are currently experimenting with iterative equivalent source solutions, but these are not yet sufficiently advanced to describe here.
SUMMARY
We have developed a 3 component magnetometer which can be drawn along a track to produce a detailed 3 component mapping of a traverse of up to 3 metres length. One of the main applications for this instrument is to rapidly map both remanent and induced magnetizations within drill-core. Continuous sections of up to 2.5 metres of drill core are logged by running the magnetometer along the side of the core. Multiple runs following successive rotations of the core enable separation of fields arising from remanent magnetization (which rotates with the core) from induced magnetization (which does not). A first-pass interpretation of the multi-track data is made using a string of dipoles as equivalent sources. More detailed model inversions are applied if required. Broken sections of core are logged with sufficient gaps between sections that the anomalies from each are well separated Key words: magnetometer drill-core fluxgate remanent magnetization
DESIGN AND DEVELOPMENT
Determining the ratio of the induced to remanent components of a core's magnetic field requires a change in the inducing field. In this instrument, changes in the inducing field are achieved by rotating the core in the Earth's field. Vector measurement of the field strength along three, near orthogonal, axes assists in separating the core's field from the ambient geomagnetic field, and inversion of that field to map magnetization vectors. Traces of those field vectors as a function of distance along the core are generated by tracking the movement of the 3-axis vector magnetometer as it moves along its track, parallel to the core.
As the inducing field is the Earth's field, rotation of any of the three vector magnetometers around their individual axis generates a signal in all three magnetometers, with amplitudes that are a function of the angle of rotation and field strength. For an Earth field of ~ 55 µT, a 1 nT change in a vector magnetometer's output is possible for a rotation of as little as approximately 20 µ radians. Thus, in order to minimise undesirable motion induced noise, the motion of the moving magnetometer, while moving along the length of the core, needs to be highly linear.
A three-axis fluxgate was chosen as the magnetic field sensor. This fluxgate was mounted in a carrier of length 200 mm. The carrier has two sets of four wheels; spaced at 90° intervals around each end (see Figure 1) . These wheels are arranged to fit inside a square cross-section tube, with each wheel positioned in an internal corner of the tube, as also shown in Figure 1 . The carrier is drawn through the tube, of maximum length 3 m, via a string wound onto a small winch. A voltage derived from a potentiometer driven by rotation of the winch, provides a measure of distance travelled by the fluxgate carrier. Typically the time taken for the carrier to be drawn the full length of tube is approximately 20 s.
A multichannel, 24-bit, ADC is used to simultaneously sample the 3-axis vector magnetometers and the potentiometer voltage. Sampled data is transmitted and stored on a laptop computer via the ADC's USB interface. Figure 2 shows two runs of three component data collected on a wooden table 2 hours apart, with the instrument aligned north-south. The range for each of the component data channels is 1,200 nT, with clear reproducibility between runs to better than 100 nT. This seems large relative to noise levels we are accustomed to in aeromagnetic surveys, but for moderate to strong magnetizations we will be measuring high amplitude field variations. Base shifts of the components between runs does not cause substantial interpretation difficulties, as these are compensated for in the interpretation algorithms (as with most magnetic field interpretations, our principal focus is on lateral variations in the signal). Much of the difference between the two runs (representing noise, where one of the runs would be made with a core present) consist of a ramp of 100 nT amplitude in the vertical and 50 nT in the along-axis components (the blue traces in Figure 2D and 2E respectively) over the first 20% of the track, together with a highly periodic component with a peak to trough range of about 40 nT in the two horizontal components, and about 25 nT in the vertical component. The periodic component is well represented by a 3 to 10 cm bandpass filter of the data (the purple traces in Figures 2D to 2F ). We attribute this noise to slight imperfection in the wheel or axle system, and hope to be able to reduce it with minor adjustment to the track and operating procedures. Unfortunately, band pass filtering is not a feasible solution to remove this noise, because those wavelengths also contain much of our signal of interest. The interpretation that this variation in the components as due to cross-contamination arising from slight alignment variations is supported by the plots in Figure 3 , which show the individual component traces combined into TMI traces. The TMI traces do not show the same periodicity as the component traces, because the TMI computation is substantially independent of orientation. After the discrepancy over the first 20% of the track, the difference in TMI between the two runs is within an envelope of about 35 nT. While we are working to reduce these errors, we are already able to usefully log strongly magnetized core, which is the application we initially targeted. The magnetizations of these cores, in close proximity to the sensor, produce magnetic fields much higher than these background noise levels. Figure shows the output from several test runs along the same section of core as imaged in Figure 1Error ! Reference source not found.. This is a banded magnetite ironstone, which produces magnetic field variations of up to 100,000 nT when placed against the instrument track (which maximises spatial resolution). The value of magnetization studies to map geological variation in such systems has been illustrated by Cowan and Cooper (2003) using just magnetic susceptibility. We believe that measurements of remanent magnetization will provide substantial additional diagnostics.
BACKGROUND FIELDS AND TESTING
Measurements from four runs, with the core rotated across its axis 90° between each run, are plotted in Figure 3 . The core has been drilled through a series of sedimentary bands, perpendicular to bedding. Many of the bands are planar and homogeneous, with little variation evident on rotating the core. If the magnetization is primarily induced, or is a remanence parallel to the axis, then rotations of the core about its axis should not cause substantial magnetic field variations. If however the magnetization has strong remanent components perpendicular to the core axis, then the measured fields will change substantially as that remanence rotates with the core. To illustrate relationships most clearly, the results in Figure 4 have been combined into 180° pairs (for which magnetization components perpendicular to the axis are in anti-parallel pairs). The highest amplitude field variations mostly change polarity within each pair of runs, suggesting that the magnetization has strong cross-core remanent components. The full resolution of variation in magnetization, which in this case is evident visually as fine laminations, is not reproduced, but nevertheless the bulk magnetization estimates should be valid at scales above about 5 cm (the spatial resolution of susceptibility measurements with a hand-held meter was little better). In operation we will most probably perform one rotation about the axis, and a second 180° rotation of the axis. A set of 3 runs is more than required for inversion (particularly as the location of the core is known), providing redundancy from which we can perform consistency checks.
CONCLUSIONS
We have developed a novel, travelling 3-component magnetometer to measure moderate to strong induced and remanent magnetizations in sections of drill-core of up to 2.5 metres length. Presently, resolution limits of the order of 60 to 70 nT on the measured field components are imposed by minor imperfections in orientation of the sensors, but this allows considerable scope for application of the instrument in study of moderately to strongly magnetized banded iron formations, layered basic and ultra-basic intrusions, and many mineral systems containing magnetite and/or pyrrhotite. 
